Lipid droplets (LDs) in non-adipocytes contain triglycerides (TG) and cholesterol esters (CE) in variable ratios. TG-rich LDs are generated when unsaturated fatty acids are administered, but the conditions that induce CE-rich LD formation are less well characterized. In the present study, we found that protein translation inhibitors such as cycloheximide (CHX) induced generation of CE-rich LDs and that TIP47 (perilipin 3) was recruited to the LDs, although the expression of this protein was reduced drastically. Electron microscopy revealed that LDs formed in CHX-treated cells possess a distinct electron-dense rim that is not found in TG-rich LDs, whose formation is induced by oleic acid. CHX treatment caused upregulation of mTORC1, but the CHX-induced increase in CE-rich LDs occurred even when rapamycin or Torin1 was given along with CHX. Moreover, the increase in CE was seen in both wild-type and autophagy-deficient Atg5-null mouse embryonic fibroblasts, indicating that mTORC1 activation and suppression of autophagy are not necessary to induce the observed phenomenon. The results showed that translation inhibitors cause a significant change in the lipid ester composition of LDs by a mechanism independent of mTORC1 signaling and autophagy.
Introduction
The lipid droplet (LD) is a subcellular structure that exists in a range of organisms from archaea to mammals. The LD used to be regarded as an inert lipid depot, but recent studies have revealed that it is an active organelle engaged in a wide range of activities [1, 2, 3] . The main function of LDs is to store lipids and to supply them for various cellular needs, such as b-oxidation, membrane biogenesis, and lipoprotein synthesis.
The structure of the LD consists of a core of lipid esters and a surface lined with a phospholipid monolayer [4, 5] . In white adipocytes, the lipid ester core consists almost exclusively of triglycerides (TG), whereas in many non-adipocytes LDs contain both TG and cholesterol esters (CE) in various ratios [6] . TG synthesis is facilitated in the presence of excess fatty acids. In many non-adipocytes in culture, only a small number of LDs exist under normal conditions, but the addition of unsaturated fatty acids such as oleic acid to the medium induces abundant TG-rich LDs. CE metabolism has been studied most actively using macrophage foam cells, which take up significant quantities of plasma lipoproteins [7] ; in contrast, the general conditions that induce CE accumulation in other cell types are not well known.
Degradation mechanisms have also been more thoroughly analyzed for TG than for CE. The regulatory mechanism of cytosolic lipases, including adipocyte triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL), has been rapidly unveiled [8] . In contrast, the enzymes engaged in CE hydrolysis have not been firmly established, even in macrophage foam cells [9] . A recent study revealed that autophagy is involved in the degradation of LDs in hepatocytes [10] , but it is not yet known in detail whether and to what extent this process is active in other cell types.
In the present study, we found that treatment with protein translation inhibitors causes a significant increase in CE-rich LDs. Translation inhibitors are frequently used in cell biological experiments, but the effect observed in the present study has not been given attention in the past. Earlier studies showed that treatment with cycloheximide suppresses autophagy [11, 12] . More recently, inhibition of protein synthesis was shown to activate mTORC1 [13, 14, 15] . We aimed to investigate whether the increase in CE-rich LDs that results from treatment with translation inhibitors was caused by mTORC1 activation and/ or suppression of autophagy.
Materials and Methods

Cells
Mouse embryonic fibroblasts (MEF) that were obtained from atg5 +/+ and atg5 2/2 mice and immortalized using an SV40 Tantigen [16] were kindly provided by Dr. Noboru Mizushima (Tokyo Medical and Dental University). 3Y1, 293A, and Huh7 cells were obtained from the Japanese Collection of Research Bioresources Cell Bank. The cells were cultured in Dulbecco's minimum essential medium supplemented with 10% fetal calf serum and antibiotics at 37uC in a humidified atmosphere containing 5% CO 2 . In some experiments, cells were treated with 0.4 mM oleic acids (OA) (Sigma-Aldrich, St. Louis, MO, USA) complexed with fatty acid-free bovine serum albumin (Wako Chemicals, Ltd., Osaka, Japan) at a molar ratio of 6:1 [17] to increase the TG content. In others, cholesterol complexed with methyl-b-cyclodextrin (MbCD) [18] at the final concentration of approximately 50 mg cholesterol/ml was added to the culture medium to increase the cellular CE content.
Antibodies and Reagents
Mouse anti-ADRP (Progen Pharmaceuticals, Toowong, Australia), rabbit anti-p70 ribosomal S6 kinase (S6K) and mouse antiphospho-S6K (Thr389) (Cell Signaling Technology, Danvers, MA, USA), mouse anti-lysosomal-associated membrane protein 1 (Lamp1; clone H4A3) (Developmental Studies Hybridoma Bank, Iowa City, IA, USA), rabbit anti-LC3 (MBL, Woburn, MA, USA), and rabbit anti-b-actin (Sigma-Aldrich) were purchased from the indicated suppliers. Secondary antibodies conjugated with fluorochromes were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA, USA) and Invitrogen (Carlsbad, CA, USA). Torin1 was kindly provided by Dr. David Sabatini (Whitehead Institute for Biomedical Research). Other reagents were purchased from Sigma-Aldrich.
Fluorescence Microscopy
Cells were fixed with 3% formaldehyde in 0.1 M phosphate buffer for more than 30 min. LDs and nuclei were stained with BODIPY493/503 (Invitrogen) and 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), respectively. All treatments were performed at room temperature. Images were captured by an Apotome/Axiovert 200M microscope (Carl Zeiss, Oberkochen, Germany) using an Apochromat 63x objective lens with a 1.40 numerical aperture. For quantification of labeling intensity, more than 12 randomly selected areas in each sample were photo- graphed under the same microscopic settings. The areas in which the labeling intensity was above a certain threshold per unit cell area were measured with ImageJ software (http://rsb.info.nih. gov/ij/). The color, brightness, and contrast of the images were adjusted using Adobe Photoshop CS3 for presentation.
Western Blotting
Cells were lysed in sample buffer containing 2.5% SDS and the protein concentration was analyzed by BCA assay. Samples (10-30 mg) were electrophoresed by SDS-PAGE and Western blot signals were detected by chemiluminescence.
Thin-layer Chromatography (TLC)
The total lipids of cells were extracted with hexane and isopropanol [19] . The lipids obtained from samples containing equivalent amount of proteins were developed on an HPTLC plate (Silica Gel 60, Merck, Darmstadt, Germany) with chloroform-methanol-acetic acid-formic acid-water (35:15:6:2:1) and then with hexanes-diisopropyl ether-acetic acid (65:35:2). Each plate was charred with cupric acetate-phosphoric acid [20] .
Quantification of Lipids
Lipids were extracted as described above and free cholesterol (FC) and TG were measured by colorimetric enzyme assays using reagents for clinical tests for serum lipids (Determiner L FC, Determiner L TG II, Kyowa Medex Co., Ltd., Tokyo, Japan) as described elsewhere [21] . In brief, samples and standard lipid solutions were incubated with the reagents in a 96-well plate and the absorbance was measured with a fluorospectrophotometer at two different wavelengths. To measure total cholesterol, i.e., FC plus CE, the sample was pretreated with cholesterol esterase before quantification using the Determiner L FC test kit. In each experiment, lipids extracted from duplicate cell samples were measured and all experiments were repeated more than two times. Representative results are presented in the figures.
Electron Microscopy
Cells cultured on coverslips were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer and post-fixed in a mixture of 1% osmium tetroxide and 0.1% potassium ferrocyanide in the same buffer [22] . After dehydration through an ethanol series, samples were embedded in Quetol 812 resin. Ultrathin sections were observed using a JEOL 1400CX electron microscope (Tokyo, Japan) at 100 kV.
Results
Translation Inhibitors Induce LD Formation
Rat 3Y1 fibroblasts were used in most experiments. 3Y1 cells have few small LDs when cultured in normal culture medium. When treated with the translation inhibitor cycloheximide (CHX) for several hours, we found that 3Y1 cells tend to contain many LDs. Cells stained with BODIPY 493/503 showed a detectable increase in LDs at 4 hr by fluorescence microscopy; this increase became more prominent after 16 hr of CHX treatment (Fig. 1A) . Puromycin and emetine, which inhibit protein translation by different mechanisms [23] , also induced a similar increase in LDs in 3Y1 cells (Fig. 1B) . The increase in LDs induced by CHX was not limited to 3Y1 cells, but was observed in other cell types as well (data not shown).
Under electron microscopic examination, LDs generated in the presence of CHX were observed as electron-lucent round structures (Fig. 1C) and appeared similar to those that had formed in the presence of excess OA. Observation under a higher magnification, however, revealed that only CHX-induced LDs had a thin electron-dense line in their rims (inset of Fig. 1C) . As shown below, LDs in CHX-treated cells were enriched with CE and the rim may be related to the propensity of sterol esters to make concentric layers [24] . CE-rich LDs without such a rim were, however, also observed [22, 25] , indicating that it is not a general characteristic of theirs.
CE Increased by Inhibition of Translation
In most non-adipocytes, LDs contain TG and CE in various proportions [6] . To examine which of the lipid esters are responsible for the LD increase induced by CHX, lipids extracted Translation Inhibitors Induce CE-Rich LDs PLoS ONE | www.plosone.orgfrom cells were examined. Both TLC and colorimetric enzyme assays showed that, after CHX treatment, CE increased to a much higher degree than TG did (Figs. 2A, 2B ). In cells treated with OA, in contrast, the increase in TG was predominant. The time course of the CE increase was similar to that of the LD increase, and the CE increase was detectable at 4 hr by means of TLC (Fig. 2C) .
A similar increase in CE was observed in other cell types treated with CHX (Fig. 2D) . Huh7 cells are different from 3Y1 in that Huh7 cells harbor many large LDs even under normal culture conditions and contain both TG and CE abundantly. Yet in Huh7 cells also, CHX treatment induced a significant increase in CE with a much smaller effect on TG (Figs. 2D, 2E ). The increase of CE caused by the CHX treatment became larger than that in cells loaded with excessive FC with the addition of 0.25 mM MbCDcholesterol complex to the culture medium (Fig. 2E) .
LD-associated TIP47 Increased Despite a Decrease in Total TIP47
TIP47 (perilipin 3) is a perilipin-family protein. Huh7 cells under normal culture conditions have many LDs and express abundant TIP47, but little TIP47 was observed in LDs by immunofluorescence microscopy [26] . This is in contrast to ADRP (perilipin 2), which shows intense labeling around LDs [26] . When cells were incubated with CHX, labeling of TIP47 in LDs started to increase as early as 1 hr and became more intense at 12-24 hr (Fig. 3A) . The increase in LDs was moderate after CHX treatment, whereas the intensity of TIP47 labeling increased drastically (Fig. 3B) . ADRP labeling intensity did not change significantly due to CHX treatment (data not shown). The increase in TIP47 labeling after CHX treatment was peculiar if we consider that TIP47 per unit protein weight decreased drastically during the same time (Fig. 3C) . The amount of TIP47 per cell was thought to decrease as well because the total protein per cell remained almost the same even after CHX treatment (data not shown).
CHX Increased CE-rich LDs Even in Autophagy-deficient Cells
With regard to the mechanism underlying the LD increase in CHX-treated cells, we thought that mTORC1 activation [13, 14, 15] and/or suppression of autophagy [11, 12] may be involved. In fact, an increase in phosphorylated S6K, an mTORC1 substrate, was confirmed to occur in 3Y1 cells treated with CHX (Fig. 4A ). An important consequence of mTORC (Fig. 4B) .
To examine the possibility that down-regulation of autophagy by CHX caused the increase in CE-rich LDs, we turned to autophagy-deficient MEF taken from Atg5 knockout mice [16] . It was confirmed that mTORC1 was activated similarly by CHX in wild-type and Atg5-null MEF (Fig. 4C) . However, CE and LDs were observed to increase as a result of CHX treatment in both cell types ( Fig. 4D; data not shown) . These results demonstrated that the CHX-induced increase in CE-rich LDs does not depend on suppression of autophagy. It is notable, however, that significantly larger amounts of CE were found in Atg5-null cells than in wild-type cells, both without and with CHX treatment (Fig. 4D) , indicating that autophagy may also be engaged in degrading CE-rich LDs.
CE-rich LDs Increased Even When mTORC1 was Inhibited
Since mTORC1 is a hub of many intracellular signaling pathways, its activation could cause various other effects in addition to autophagic suppression [27] . To test whether the CHX-induced LD increase occurred as a result of mTORC1 activation, cells were treated with either rapamycin or Torin1 along with CHX. It was confirmed that phosphorylation of S6K was suppressed effectively by either 0.4 mM rapamycin or 0.25 mM Torin1 (Fig. 5A) . Even in the presence of these mTORC1 inhibitors, CHX induced a significant increase in LDs (Fig. 5B) and CE (Fig. 5C ), indicating that mTORC1 activation is not involved in the mechanism.
Interestingly, in cells treated with rapamycin or Torin1 along with CHX, even though mTORC1 was inhibited, autophagy was not activated (Fig. 5D ): the autophagic flux was low (rapamycin) or appeared nonexistent (Torin1). The seemingly complete suppression of autophagy with CHX and Torin1 may explain the significantly higher CE increase in those cells than that in cells treated with CHX alone or with CHX and rapamycin (Fig. 5C ). On the other hand, in the absence of CHX, Torin1 alone induced a slight but significant increase of CE (Fig. S1 ). The result suggested that Torin1 enhanced the CHX-induced CE increase by suppressing mTORC2, which is likely to be a negative regulator of lipid accumulation [28, 29] .
Discussion
In the present study, we found that protein translation inhibitors cause a significant increase in CE-rich LDs. Because translation inhibitors are known to cause mTORC1 activation [13, 14, 15] and autophagy suppression [11, 12] , we initially supposed that those processes were responsible for the increase in CE-rich LDs. Yet this increase in CE and LDs was observed even in the presence of mTORC1 inhibitors and in autophagy-deficient cells, indicating the engagement of other mechanisms. As a possible cause of the observed phenomena, we speculate that translation inhibitors may cause a down-regulation of CE hydrolysis: that is, CE hydrolytic enzymes may have a relatively short half-life and may decrease quickly when protein synthesis is suppressed. Hormone-sensitive lipase (HSL) may be engaged in CE hydrolysis [30] , but if its decrease were the main cause of the CE increase in CHX-treated cells, TG would be expected to increase simultaneously, and this was not observed in the present experiment. Other than HSL, several neutral CE hydrolases have been reported to be critical for CE digestion in macrophage foam cells, but their role in other cell types is not clear [9] . Thus we are yet to examine the aforementioned possibility.
We observed that the CHX-induced increase in CE and LDs also occurs in autophagy-deficient Atg5-null MEF, but this does not preclude the possibility that autophagy is involved in CE metabolism and LD turnover [10] . In fact we found that significantly larger amounts of CE were observed in Atg5-deficient MEF than in wild-type MEF both before and after CHX treatment (Fig. 4D) . Moreover, the seemingly complete suppression of the autophagic flow in cells treated with CHX and Torin1 caused a significantly higher increase of CE than in cells treated with CHX alone, in which a low level of autophagy was occurring (Fig. 5C, 5D ). These results showed that autophagic suppression is not the main cause of the CE increase induced by CHX, but nonetheless they also indicated that autophagy is an important mechanism of CE degradation.
LDs that consist predominantly of TG in white adipocytes are degraded effectively by the sequential action of ATGL, HSL, and monoacylglycerol lipase [8] . To degrade LDs that are enriched with CE, however, lysosomal acid lipase, which has CE hydrolytic activity, may be involved, as it is for degradation of cholesterolloaded macrophages [31] . For LDs containing CE and TG in comparable amounts, CE hydrolysis may be a prerequisite for effective TG degradation because CE may surround the TG core, forming concentric layers on the surface [24] . In this context, it is notable that the deficiency of lysosomal acid lipase that characterizes Wolman disease manifests as an accumulation of CE as well as TG [32] .
It was surprising that, upon treatment with translation inhibitors, TIP47 was recruited to the CE-rich LDs even though the total amount of TIP47 decreased drastically. TIP47 was previously shown to be recruited to TG-rich LDs induced by unsaturated fatty acids, but in such cases the overall expression of TIP47 also increased [26] . The present result indicates that TIP47 recruitment to LDs does not depend on the increased expression of TIP47 or on the composition of the lipid esters in LDs; rather, it is directly related to the increment of lipid esters. On the other hand, the increased recruitment of TIP47 to LDs should reduce TIP47 in the soluble cytoplasmic fraction, especially when the total amount is downregulated. Although the non-LD function of TIP47 remains controversial [33, 34] , it must be determined whether any result seen in the presence of translation inhibitors can be explained by a decrease in TIP47 in the cytoplasm.
The phenomena observed in the present study need to be taken into account in interpreting experimental results obtained using translation inhibitors. Yet the implications of this study are not limited to such artificial conditions, given that, in cells exposed to various stresses, protein synthesis is suppressed [35] and LDs increase [36, 37] . LDs that increase in cultured cells under ER stress are enriched with CE (Ohsaki et al., unpublished observation). The detailed mechanism underlying CE-rich LD formation as well as the impact of this process are worthy of further studies in this context. Figure S1 Quantification of CE. 3Y1 cells were treated with or without 0.4 mM rapamycin or 0.25 mM Torin1 for 18 hr. CE showed an increase caused by either rapamycin or Torin1, but only the increase caused by Torin1 was significant (*p,0.05; Student's t test). Mean 6 SD is shown. (TIF)
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